ABSTRACT. DNA polymerase d is not only the major replicative enzyme in eukaryotic chromosomal DNA synthesis but is also the primary polymerase for most DNA repair pathways. However, the subunit composition of polymerase d varies in different organisms. While polymerase d in many eukaryotic species has all 4 subunits (POLD1, 2, 3, and 4), many other organisms do not possess POLD4. Whether POLD4 is indispensable and why these differences exist are unknown. In the present study, we identified the POLD4 protein sequences of 218 eukaryotic species and determined the POLD1, 2, and 3 protein sequences of 55 species representing various taxonomic groups. No insect and nematode species examined possessed POLD4. Approximately 80% of protozoan species did not contain POLD4. Nearly 50% of fungal species did not contain POLD4. Other animal and plant species are expected to contain POLD4. Phylogenetic analyses of POLD1, 2, 3, and 4 sequences revealed that most animal and plant species inherited DNA polymerase d from protozoa, whereas some other animal and plant species may have inherited polymerase d directly from fungi. Because a large number of protozoan and fungal species do not possess POLD4, current insect and nematode species lacking POLD4 may have evolved from ancestor protozoan species lacking POLD4; thus, other protozoan and animal species lacking POLD4 may share a similar evolutionary history. Future studies should examine the origin and indispensability of POLD4 in various organisms.
INTRODUCTION
A significant characteristic of all living organisms is the ability to reproduce and transmit genomic information to their offspring. Three major multi-subunit DNA polymerases, including polymerase a (pol a), polymerase d (pol d), and polymerase e (pol e), are responsible for eukaryotic chromosomal DNA replication. Pol d is thought to play a central role in eukaryotic DNA synthesis of both the leading and the lagging strands as well as in DNA re-synthesis (gap-filling) of various DNA repair processes (Waga and Stillman, 1998; Bell and Dutta, 2002; Hubscher et al., 2002; Garg and Burgers, 2005) .
The subunit composition of pol d varies among different eukaryotic species. For instance, pol d in the budding yeast Saccharomyces cerevisiae is composed of 3 subunits, Pol3p, Pol31p/ Hys2, and Pol32p Gerik et al., 1998) , while that of the fission yeast Schizosaccharomyces pombe is a 4-subunit complex consisting of Pol3, Cdc1, Cdc27, and Cdm1 (Reynolds et al., 1998; Zuo et al., 2000; Bermudez et al., 2002) . Cdm1 is the smallest subunit of fission yeast pol d and has no apparent homolog in budding yeast. Similar to S. pombe, mammalian pol d consists of 4 subunits, including p125, p50, p68/p66, and p12 (Byrnes et al., 1976; Hughes et al., 1999; Liu et al., 2000) . The catalytic subunit p125, harboring both 5'-3'-DNA polymerase and 3'-5'-exonuclease activities, is homologous to fission yeast Pol3 and budding yeast Pol3p. The small subunit p50 is a homolog of Cdc1 and Pol31p/Hys2, whereas the 3rd subunit p68/p66, containing a proliferating cell nuclear antigen-binding motif, is viewed as a homolog of Cdc27 and Pol32p. The smallest subunit, p12, is a homolog of Cdm1. Thus, DNA polymerase d consists of multiple subunits, 4 of which are referred to as the catalytic subunit (POLD1), small subunit (POLD2), regulatory subunit (POLD3), and 4th subunit (POLD4).
POLD4 appears to play a minor role in pol d function because Cdm1 of S. pombe pol d is non-essential and is absent in S. cerevisiae. However, recent studies indicate that the 4th subunit of mammalian pol d, p12, serves a structural function, which not only helps to maintain the stability of pol d but also interacts with the core dimer to alter the conformation and/or structure of the catalytic site of pol d (Li et al., 2006; Meng et al., 2010; Zhou et al., 2012) . It also functions in cell proliferation and maintenance of genomic stability of human cells (Huang et al., 2010a,b) . Depletion of the p12 subunit through its degradation, which is regulated by the ataxia telangiectasia and Rad3-related/chk1 complex and dependent on ubiquitination, can result in a conversion of pol d from a heterotetramer to a trimer with altered enzymatic properties (Zhang et al., 2007; Meng et al., 2009) . Moreover, in vitro base excision repair (BER) assays revealed that p12 plays an important role in uracil-initiated BER by modulating the rates of single-nucleotide BER and long patch BER during the repair process (Zhou et al., 2011) . Various issues related to polymerase function remain unknown. For examples, whether POLD4 is dispensable and whether the function of POLD4 is carried out by other subunit(s) of pol d in organisms lacking POLD4 are unknown. Therefore, why some organisms have POLD4 while others do not remain to be addressed. In this study, we examined the distribution of POLD4 in 218 eukaryotic species, each of which represents a unique genus with established protein and nucleotide sequence databases in GenBank (www.ncbi.nlm. nih.gov). We also examined the distribution of POLD1, 2, and 3 sequences in 55 species chosen to represent different taxonomic groups. Results of phylogenetic analyses suggested that insect and nematode species lacking POLD4 evolved from ancestor protozoan species originally lacking POLD4, and that other protozoan and animal species lacking POLD4 may have a similar evolutionary history. Our data will be useful for further studies on the origin and indispensability of POLD4 in various organisms.
MATERIAL AND METHODS

BLAST searches and identification of POLD4 sequences
In a pre-survey study, we found that POLD4 protein sequences of various organisms, including human and yeast, contain 8 identical amino acids in their conserved structural domains. These 8 amino acids are F (38), D (39), G (45), P (46), R (52), R (55), R (58), and A (59), as shown in the multiple sequence alignment of various organisms (Figure 1 ). Therefore, these amino acids were used to determine whether an unknown sequence was a POLD4 sequence. The numbers shown at the top indicate positions of amino acid residues in conserved motifs of POLD4. Shading of the alignment indicates identical residues in black, conserved residues in dark gray, and similar residues in light gray. Highly conserved residues are indicated with asterisks. Please refer to 
BLAST searches and identification of POLD1, POLD2, and POLD3 sequences
Identification of the POLD1, 2, and 3 sequences followed the same strategy used for identifying the POLD4 sequence. Similarly, POLD1, 2, and 3 sequences are highly conserved across various organisms. POLD1 sequences show many highly conserved motifs as shown in the multiple alignments of POLD1 sequences ( Figure S1 ). We selected its conserved motif from sites 626-643 (DPDVIxGYxIxxxxxxYL, where x indicates any amino acid) as the standard for determining whether an unknown sequence was a POLD1 sequence. POLD2 sequences contain a highly conserved motif from sites 1402-1413 (PTAPDTLxxYPF), which was used as the standard for identifying POLD2 sequences ( Figure S1 ). POLD3 sequences are not as highly conserved as PLOD1, 2, and 4 sequences. Rather, they show less highly conserved motifs from sites 1461-1470 (LxxIxxxVxD), 1489-1496 (IVTYKxLS), 1517-1529 (VxxNxAKxMLxxY), and 1563-1571 (LxxxYLVxG) ( Figure S1 ). An unknown sequence with 2 or more of these conserved motifs was regarded as a POLD3 sequence.
To identify the POLD1, 2, and 3 sequences, human POLD1, 2, and 3 (GenBank accession Nos. NP_002682.2, NP_001120690.1, and NP_006582.1, respectively) were used as queries to conduct BLASTp searches against protein databases (RefSeq protein and Ab initio protein) of the 55 species chosen to represent different taxonomic groups (Table 1 ) with default settings.
Multiple sequence alignment
Multiple sequence alignment was performed using ClustalW (version 5.0) implemented in MEGA 5 (Tamura et al., 2011) with default settings. Multiple aligned sequences were highlighted in GeneDoc Multiple Sequence Alignment Editor and Shading Utility (Version 2.6.02) (Nicholas et al., 1997) and copied as a rich text file for further annotation.
Phylogenetic analysis
Phylogenetic analysis was performed using MEGA 5 (Tamura et al., 2011) . Three different algorithms were employed for tree reconstruction: neighbor-joining (NJ), maximum parsimony, and maximum likelihood (ML). The NJ and ML trees were constructed using the p-distance and Jones-Taylor-Thornton (Jones et al., 1992 ) models, respectively. Bootstrap values were obtained using 1000 replicates. All other parameters used were default values. 
RESULTS AND DISCUSSION
Distribution of POLD4 in eukaryotes
Through exhaustive BLAST searches against all available protein and nucleotide sequence databases in GenBank (http://www.ncbi.nlm.nih.gov/mapview/), we obtained a general view of the distribution of POLD4 in eukaryotic species. Table 2 and Table S1 summarize the distribution of POLD4 in 218 eukaryotic species, each of which was chosen to represent a unique genus of the surveyed eukaryotic species. The results showed that no insect or nematode species contains POLD4, and a large number of protozoan and fungal species do not contain POLD4. The distribution of POLD4 in other eukaryotic species also varies widely. (Table 2 and Table S1 ). Because the other 5 primate species examined possessed POLD4, we considered the absence of POLD4 in the gibbon to be the result of incompleteness of their sequence databases. Since the platypus is the most primitive mammal, the absence of POLD4 likely also resulted from an incomplete sequence database seeing as POLD4 is present in other mammals. Therefore, we conclude that all mammals possess POLD4.
Second, among the 13 other vertebrates evaluated (i.e., non-mammalian vertebrates), 8 contained POLD4 and 5 did not (Table 2 and Table S1 ). The 8 vertebrates with POLD4 included 6 species of bony fishes, 1 species of lizard, and 1 species of bird, while the 5 vertebrates without POLD4 included 2 species of birds, 2 species of frogs and toads, and 1 species of bony fish. The absence of POLD4 in the bird and bony fish species was likely because of in-completeness in their sequence databases. Whether specific bird species and frog species do not contain POLD4 requires verification upon the release of new sequence data.
Third, none of the 17 insect and 7 nematode species in our survey contained POLD4 (Table 2 and Table S1 ). Because we examined all available protein and nucleotide sequence databases and the surveyed organisms included model organisms such as Drosophila melanogaster and Caenorhabditis elegans, we concluded that no insect and nematode species contain POLD4.
Fourth, among the 8 other invertebrates (i.e., non-insect non-nematode invertebrates), 7 possessed POLD4. Only Hydra magnipapillata did not have POLD4 (Table 2 and Table S1 ). Therefore, most non-insect non-nematode invertebrates possess POLD4.
Fifth, among the 43 protozoan species examined in our survey, 9 contained POLD4 and 34 did not (Table 2 and Table S1 ), suggesting that most protozoan species (approximately 80%) do not have POLD4. The 9 protozoan species included 3 species of apicomplexans, 3 species of 'eukaryotes' (a name used in GenBank to classify a group of protozoa that belongs to various orders and/or families), 2 species of choanoflagellates, and 1 species of ciliates. The 34 protozoan species included 7 species of eukaryotes, 6 species of apicomplexans, 4 species of oomycetes, 2 species of flatworms, 2 species of cellular slime molds, 2 species of ciliates, 2 species of kinetoplastids, 2 species of diatoms, 1 species of forams, 1 species of pelagophytes, 1 species of cercozoans, 1 species of cryptomonads, 1 species of brown algae, 1 species of diplomonads, and 1 species of placozoans. Protozoan species of apicomplexans, eukaryotes, and ciliates were found in both groups with and without POLD4.
Sixth, POLD4 was found in all 9 species of flowering plants and 7 species of algae and mosses studied. Only Hemiselmis andersenii did not contain POLD4 (Table 2 and Table S1 ). Thus, all plant species possess POLD4.
Finally, the distribution of POLD4 in fungal species varied widely in different phyla or subphyla. In the phylum Ascomycota, 37 species of subphylum Pezizomycotina possessed POLD4, while 11 did not (i.e., most had POLD4), 1 species of subphylum Saccharomycotina had POLD4 and 18 did not (i.e., most did not have POLD4), and 1 species of subphylum Schizosaccharomycetes had POLD4 (no species of other genera were available for our survey). In the phylum Basidiomycota, 10 species had POLD4, while 6 did not. In the phylum Microsporidia, none of the 7 species examined had POLD4. In the phylum Chytridiomycota, 1 species had POLD4 (no species of other genera were available for our survey). Thus, a total of 50 species of fungi possess POLD4, while 42 fungus species do not.
In summary: 1) no insect and nematode species possessed POLD4; 2) mammals, nonmammalian vertebrates, non-insect non-nematode invertebrates, flowering plants, algae, and mosses contain POLD4; 3) approximately 80% of protozoan species do not have POLD4; and 4) the number of fungal species with POLD4 is slightly higher than those without POLD4 (50 vs 42).
Distribution of POLD1, POLD2, and POLD3 sequences
We determined the distribution of POLD4 in 218 eukaryotic species (Table 2 and  Table S1 ). To facilitate phylogenetic analyses, we also searched for POLD1, 2, and 3 sequences in 55 species from different taxonomic groups (Table 1) . Unsurprisingly, all 55 species were found to possess POLD1, 2, and 3 sequences.
Phylogenetic analyses of POLD1, 2, 3, and 4 sequences
The survey results showed that POLD1, 2, and 3 are present in all eukaryotic species, whereas POLD4 is only present in particular organisms. To understand this difference, we conducted phylogenetic analyses of subunit sequences of DNA polymerase d.
First, among the 55 species analyzed from different taxonomic groups, 36 species were found to possess POLD4. The multiple aligned conserved regions of the POLD4 sequences are shown in Figure 1 . The phylogenetic tree constructed using these conserved amino acids (Figure 2) shows that the 36 species could be divided into 3 groups based on their phylogenetic relationships. Group I includes 9 animal and 1 protozoan species, showing a relatively simple POLD4 origin in the animal species (i.e., from protozoa). Group II consists of 10 plant, 2 animal, 5 protozoan, and 6 fungal species, indicating that plant POLD4 sequences share their most recent common ancestor with fungi or protozoa; POLD4 sequences of some lower animal species have a close relationship with both fungal and protozoan POLD4. Group III includes 2 fungal and 1 protozoan species, indicating a common ancestor of POLD4 for both plant and animal species. The phylogenetic relationship shown in Figure 2 suggests that most animal and plant POLD4 sequences originated in protozoa, and a few animal species (e.g., Nos. 21 and 22) and plant species (e.g., No. 39 and Nos. 41 to 43) may have inherited POLD4 directly from fungi. Our studies revealed the origin of plant and animal POLD4 sequences; however, the question as to why some animal species do not contain POLD4 remained unanswered. To answer this question, we conducted a second phylogenetic analysis using the POLD1, 2, and 3 sequences from 55 representative species listed in Table 1 . In 2001, Herniou et al. reported that generation of phylogenies based on the combined sequences of all shared genes is the most effective approach for resolving relationships among species. Therefore, this approach was adopted for this study. Briefly, the conserved regions of POLD1, 2, and 3 sequences were manually spliced together and were then used for phylogenetic analysis (Figure S1 ).
The phylogenetic relationship between the POLD1, 2, and 3 sequences among the 55 species is shown in Figure 3 , with species lacking POLD4 highlighted in yellow. Neighbor-joining phylogenetic tree of POLD1 and 2 protein sequences from 55 eukaryotic species. The tree was constructed using manually spliced conserved regions of multiple aligned POLD1 and 2 protein sequences as shown in Figure S1 . For simplicity, only the bootstrap values ≥ 50 are shown and branch lengths are not proportional to distances between sequences. The color of species names and numbers correspond to the groups identified in the legend to Figure 1 . Figure 3 shows that the phylogenetic analysis divided POLD1, 2, and 3 in eukaryotic species into 4 distinct groups. Group I includes 21 animal and 3 protozoan species, among which 11 animal species do not have POLD4. In this group, the 6 insect species (Nos. 10 to 15) and the 2 nematode species (Nos. 16 and 17) lacking POLD4 form a separate monophyletic clade. Group II contains 3 animal, 5 protozoan, and 2 fungal species. Here, the 3 bird species (Nos. 2 to 4) have a closer evolutionary relationship with protozoa and fungi than with other animal species. In this group, 2 bird species (Nos. 3 and 4), 1 protozoan species (No. 25), and 2 fungal species (Nos. 53 and 54) do not have POLD4, suggesting that specific bird species inher-ited polymerase d from ancestor species originally lacking POLD4. Group III includes 10 plant and 1 protozoan species. Here, all plant species possess POLD4, suggesting that their common ancestor also had POLD4. Group IV contains 9 fungal species, 1 of which lacks POLD4. In addition, 1 protozoan species (No. 28), which also lacks POLD4, was not included in any of the 4 groups. It is shown as an outgroup of other protozoan, animal, and plant species. The 2 fungal species Encephalitozoon intestinalis ATCC 50506 (No. 53) and Nosema ceranae BRL01 (No. 54) were previously classified as protozoa (Sprague and Vavra, 1977) but were recently reclassified as fungi (Baldauf et al., 2000) . Our analysis of the phylogeny of POLD1, 2, and 3 sequences demonstrates that these organisms have a closer relationship with protozoa.
Our phylogenetic analyses led to the following conclusions: 1) fungi possess the most primitive form of DNA polymerase d in all eukaryotic species, 2) most animal and plant species inherited DNA polymerase d from protozoa, and 3) some animal and plant species may have inherited polymerase d directly from fungi. Furthermore, approximately 80% of protozoan species and nearly 50% of fungal species do not possess POLD4. Therefore, current insect and nematode species lacking POLD4 may have evolved from ancestor protozoan species originally lacking POLD4, and other protozoan (e.g., Nos. 25, 26, and 28) and animal (e.g., No. 20 and possibly Nos. 6 and 8) species lacking POLD4 may have a similar evolutionary history.
CONCLUSIONS
Variation in the subunit composition of eukaryotic polymerase d suggested that POLD4 may be indispensable in some cases and can be used for evolutionary analyses. In this study, we searched protein and nucleotide sequence databases of 218 eukaryotic species and found that: 1) no insect or nematode species possessed POLD4, 2) approximately 80% of protozoan species did not have POLD4, 3) nearly 50% of fungal species did not have POLD4, and 4) mammals, non-mammalian vertebrates, non-insect non-nematode invertebrates, flowering plants, algae, and mosses contain POLD4. Phylogenetic analyses of POLD1, 2, 3, and 4 sequences revealed that most animal and plant species inherited DNA polymerase d from protozoa, while some other animal and plant species may have inherited polymerase d directly from fungi. Because a considerable number of protozoan and fungal species did not possess POLD4, current insect and nematode species lacking POLD4 may have evolved from ancestor protozoan species lacking POLD4, while other protozoan and animal species lacking POLD4 may have a similar evolutionary history. This is the first study to survey the distribution of POLD4 among various eukaryotic species, to conduct phylogenetic analyses on the 4 subunit sequences of polymerase d, and to examine why some organisms do not contain POLD4. Our data are useful for further studies on the origin and indispensability of POLD4 in various organisms.
